Groundwater is increasingly exploited for energy production in arid regions, which necessitates a deeper insight into the impact of the enhanced human pressure on the groundwater. This study applied an integrated method (statistical analysis, water table fluctuation method, hydrograph analysis and remote sensing) to identify the impact of Energy Base Water Project on the groundwater in the Subei Lake basin. Groundwater levels in eight observation wells at 30 min intervals during the 2013-2014 period were monitored using automatic groundwater monitoring data loggers. Results showed that precipitation infiltration, irrigation return flow, groundwater pumping and evapotranspiration controlled the hydrodynamics of unconfined groundwater. The average evapotranspiration rates in the Quaternary phreatic aquifer and the Cretaceous phreatic aquifer were 6.15 and 12.48 mm/d. The unusual hourly hydrographs fall into three patterns (mutational, irregular and gradual hydrographs). Different recovery times after being influenced by pumping may be related to the presence of the mudstone lenses. The extent of the groundwater depression cone was qualitatively identified by gradual hydrographs, which may spread from the center area to the western boundary. Only some individual wells from Haolebaoji waterworks had conducted the intermittent pumping activities at random times and caused the decline of the lakes.
INTRODUCTION
The coordinated development of water resources and energy infrastructure in arid regions is of great concern to hydrologists (Cai et al. ) . Although the large-scale exploitation of energy resources has brought huge economic benefits, it has also often caused some negative impacts on groundwater systems and ecosystems (Kahrl & Roland-Holst ; Siddiqi & Anadon ) . Groundwater resources play a very important role in semi-arid and arid regions (Moiwo & Tao ) . Natural processes and aquifer properties vary at different spatio-temporal scales, and their variations affect the fluctuations of groundwater levels (Li & Zhang ) .
Over the last decades, groundwater has increasingly been extracted for energy production in arid regions around the world due to the fast growth in water demand for industrial use (Kahrl & Roland-Holst ; Siddiqi & Anadon ) .
The increasing concerns about potential threats to groundwater-dependent ecosystems in these areas should be taken into consideration in the framework of sustainable water resource management (Wang et al. ; Li et al.
; Cai et al. ).
The Subei Lake basin is a good illustration of an area where natural and anthropogenic factors significantly affect groundwater resources. It is representative of more than 400 lake basins of diverse sizes distributed in the pumping has significantly affected the hydrodynamics and hydrochemistry of the groundwater system. If this continues, it may cause some negative impacts on the groundwaterdependent ecosystem around these lakes ( Figure 1 ) (Liu et al. a) . The China Geological Survey Bureau has conducted some regional-scale research on the groundwater resources of Ordos Basin since the 1980s (Zhang et al. ; Hou et al. ) . This research illustrated geology, hydrogeology and a comprehensive knowledge of the quantity and quality of groundwater in this region, which laid a solid foundation for the present study. However, regionalscale groundwater investigations may not provide much precise information on the hydrogeological settings in small lake basins (Toth ) , as Winter () proposed that lakes in different part of groundwater flow systems had different flow characteristics. Hence, it is crucial to implement local groundwater investigations and distinguish between natural and anthropogenic causes of changes to the groundwater system in order to create sustainable groundwater management in these lake basins. In addition, the technique of remote sensing was applied to understand the relative impacts of anthropogenic activities on the temporal variation of lake area (Seyoum et al. ) . Although these methods individually are not new, their combined application provides a novel methodology to identify the impacts of anthropogenic and natural factors on the groundwater, which can be applied to catchments worldwide.
The main objective of the paper is to identify the impact of the Energy Base Water Project on the groundwater by utilizing the high-frequency groundwater level data in this ecologically sensitive area. The related findings will provide an important reference for the establishment of the hydrogeological conceptual model and groundwater flow model. In addition, this research can contribute to the ongoing discussion about the coordinated development between water and energy infrastructure in arid regions, and it will advance necessary knowledge for the sustainable groundwater management in such arid areas.
STUDY AREA
The study area is located in the northern part of the Ordos cover in Ordos Basin usually begins to grow quickly from April, gets to its peak in July or August and withers after September (Zhang ).
The topography of the west, east and north sides in the study area is relatively higher with elevations 1,370-1,415 m above sea level, while the south side is slightly lower with altitudes 1,290-1,300 m above sea level. The main water bodies are the Subei Lake and the Kuisheng Lake (Figure 2 ). Groundwater is the major recharge source for the two inland lakes The Subei Lake basin is a relatively closed hydrogeological unit, given that a small quantity of lateral outflow occurs in a small part of the southern boundary (Wang et al. ) . 
MATERIAL AND METHODS

Data collection of groundwater level
The entire basin was covered by the monitoring network, Given that the confined aquifer was intensively exploited by 22 production wells for industrial use, except for wells JC01 and JC06 which were used to monitor the unconfined aquifer, other wells were used to monitor the confined aquifer ( Figure 3 ). Well JC01 is located in the highland and was screened within the Quaternary sediments.
Well JC06 is located in the lowland and was screened within the Cretaceous rocks. The two monitoring wells were used to quantify the daily ET GW in the Quaternary and Cretaceous phreatic aquifers, respectively (Figure 3(a) and Table 1 
where S y is the specific yield of the unconfined aquifer and Δh is the amplitude in the water table during the period Δt.
White () developed a method to quantify daily ET GW
by analyzing the well hydrographs. In this method, it is assumed that ET GW is negligible compared with the groundwater inflow between 00:00 and 04:00 h, and the rate of groundwater inflow is constant throughout the day. The following equation for estimating ET GW was provided:
where S y is the specific yield, r is the rate of water table rise between 0:00 and 4:00 AM (m h À1 ) and s is the net rise or fall of the groundwater level during a 24-h period (m d À1 ).
The boxplot method for outlier detection
A simple way widely used to identify outliers is based on the concept of the boxplot (Tukey ). This graphically-based method for outlier detection is especially attractive not only for its simplicity but, more importantly, because it does not employ the extreme potential outliers that can distort the computing of a measure of spread and lessen the sensitivity to outliers.
The method involves the use of 'inner and outer fences', and the fences are calculated by using the interquartile range (IQR) which is the difference between sample third and first quartiles. The inner fences ( f 1 and f 3 ) and outer fences (F 1 and F 3 ) are often defined as (Schwertman et al. ) :
where Q 1 and Q 3 are the first and third sample quartiles and
It should be noted that the inner fences were used as the criteria for identifying outliers in this study.
Satellite-based lake surface observation
The ability to monitor the variation of surface water bodies using remote sensing has acted as a feasible alternative to insitu data in ungauged or sparsely gauged basins. The normal- 
In this study, the temporal variation of lake areas was mapped using LANDSAT Thematic Mapper (TM) images obtained from the United States Geological Survey (http:// glovis.usgs.gov/). The satellite images were pre-processed by the standard techniques such as atmospheric correction, radiometric calibration, and so on. NDWI was calculated from the green and near-infrared bands of LANDSAT TM by using processed satellite images. Finally, the images were processed in ArcGIS and were used to calculate the surface area of the lakes. (Table 2) . that the confined aquifer was subject to strong interference from anthropogenic activities during this period.
RESULTS
Temporal variations of the water table
Wells JC02 and JC04 were distributed in the upstream of the production field. However, there existed some differences between the groundwater regime in well JC02 and that in well Table 2 ). The distinctive characteristic of pulse signals was observed in the daily hydrograph of well JC07.
Well JC07 is ideal for monitoring the impact of groundwater pumping from the waterworks on the confined aquifer given that there is not any pumping from that well itself. In a natural state, the groundwater regime should be relatively stable and the annual amplitude would be relatively small. However, the maximum difference between the peak and the trough reached nearly 4 m, by the analysis of the daily hydrograph, indicating that well JC07 must be subject to strong interference from the waterworks. In addition, it is clear that the production wells close to well JC07 had been engaged in intermittent groundwater pumping from December 2013 to the end of October 2014 according to the hydrograph. The daily hydrograph during this period may be explained by the following statements. The ongoing groundwater pumping from the waterworks was mainly responsible for the process from the peak to the trough. The original groundwater regime was disrupted by groundwater pumping from the waterworks, and the groundwater level declined continuously during the period from the peak to the trough. The trough in the hydrograph was formed when the production wells stopped pumping, then the groundwater level ascended gradually and formed the process from the trough to the peak. As a result, the cycle was repeated in the daily hydrograph of well JC07 before the end of October. After October, the production wells were not engaged in any pumping activities and groundwater level rose quickly during this period (Figure 6 (e)).
DISCUSSION Diurnal WTFs and groundwater evapotranspiration loss
In the present study, the monitoring data in unconfined aquifers were used to identify the hydrological processes was clearly higher than that for well JC01. The groundwater level in well JC06 was shallower than that in well JC01, so the former evaporated more easily than the latter. In addition, air temperature played a very important role in groundwater evapotranspiration, and the mean temperature in July was obviously higher than that in April, which contributed to the higher ET GW for well JC06. were approximately 8 cm, and the water level reached the minimum at nearly 13:30-15:00 h when evapotranspiration was the strongest in one day. Subsequently, the groundwater level displayed a steady rising trend and reached a peak at about 13:00-14:00 h the next day. The water table decline in well JC06 only lasted for less than an hour when evapotranspiration predominated the hydrological processes, and the average decline rate was astonishingly 0.13 m h
À1
. Conversely, an average recovery rate was about 3 mm h À1 but lasted for a relatively long time. The impact of groundwater pumping from the waterworks on the groundwater
The confined aquifer is sensitive to a change in aquifer stress such as earthquakes, changes of atmospheric pressure, groundwater withdrawal, etc. (Bras & Rodríguez ) .
Groundwater levels are inclined to display outliers with the impact of human factors, which can be explained by the micro-dynamics features reflected by the high-frequency groundwater level data. Therefore, it is necessary to identify outliers of groundwater monitoring data in the confined aquifer. A dataset of the rate of daily variation in groundwater level in these monitoring wells can be constructed in order to capture the unusual fluctuations of groundwater levels caused by groundwater pumping from the Haolebaoji waterworks.
In this study, the boxplot method was used to identify the outliers, and only the anomalous dynamics of groundwater level decline are discussed in this paper. The statistical results of exploratory data analysis are shown in However, it should be noted that the groundwater level in well JC08 took a longer time to regain its original water level than that in well JC03, which implied that well JC08 may be at least partially connected to a mudstone lens.
Pattern 2 (irregular) was characterized by erratic variation and can only be observed in well JC04. Given that the confined aquifer in the northern recharge area was only composed of the fissured Cretaceous rocks, the strong irregular variation in the groundwater level was likely to be caused by the heterogeneity of the confined aquifer (the density and orientation of the fissures, and the connectivity of the groundwater flow path). The strong irregularity was a distinctive characteristic of well JC04, which was located in the northern recharge area.
Groundwater pumping from the Haolebaoji waterworks Well JC07 is the most appropriate monitoring well, given that there is no groundwater withdrawal in the well itself and it is The impact of groundwater pumping from the waterworks on the lakes Satellite-based temporal mapping of the lake surface area was calculated using Landsat TM imagery from 2000 to respectively. It should be noted that the area of the Subei Lake decreased at a faster rate than that of the Kuisheng Lake in response to groundwater pumping from the waterworks, which may be ascribed to the differences in hydrogeological settings between the Subei Lake and the Kuisheng Lake.
Unconfined groundwater is the main recharge source for these two lakes. The production wells of the Haolebaoji waterworks are all distributed in the upstream of the Subei Lake. The overexploitation of the confined aquifer has caused a general piezometric decline and further induced a large downward leakage from the unconfined aquifer. Therefore, the unconfined groundwater that originally flowed toward the Subei Lake was captured by the production wells for industrial use, which resulted in significant decreases in groundwater discharge to the Subei Lake. However, the Kuisheng Lake is located in the northeastern highland, which mainly receives lateral recharge from groundwater outside the study area. Moreover, all the production wells are distributed in the downstream of the Kuisheng Lake. Therefore, the impact of groundwater pumping from the waterworks on the Kuisheng Lake was smaller in comparison.
The temporal variation of the water level in the Subei Lake from July to November in 2009 is shown in Figure 11 .
It is clear that the mean monthly water level of the Subei Lake decreased continuously at an average rate of 0.059 m during this period. It should be noted that the rate of groundwater pumping climbed to more than 25,000 m 3 /d in October; as a result, the mean monthly water level in October declined by 0.08 m compared with that in September.
Therefore, the evidence of lake area and water level indicate that groundwater pumping from the Haolebaoji waterworks has caused the decline of the lakes, which is consistent with the results obtained by Wang et al. () .
CONCLUSIONS
The present study identified the impact of the Energy Base Water
Project on the groundwater in the Subei Lake basin, which is subjected to strong interference from human activities, with various methods such as statistical analysis, the WTF method, Figure 10 | The dynamic variation of averagely annual areas of (a) the Subei Lake and (b) the Kuisheng Lake. the western boundary (well JC02). It can be validated that only some individual wells had been engaged in the intermittent pumping activities at random times. Groundwater pumping from the Haolebaoji waterworks has caused the Subei Lake to shrink more seriously than the Kuisheng Lake.
Further field investigation and high-precision groundwater flow models will be required to determine the extent of the aquitard and the exchange capacity of groundwater between the different source/sink terms in order to fully quantify the hydrological and anthropogenic impacts on the groundwater regime.
Similar integrated approaches can be applied to understand the impact of anthropogenic activities on the groundwater in other data sparse regions. To achieve the objectives of protecting the vital groundwater resources and vulnerable ecosystems, government agencies should adopt the following strategies:
restricting heavy groundwater pumping from the production wells close to the lakes; monitoring water levels in the groundwater depression cone periodically; and developing a longterm monitoring network for assessment of the viability of the groundwater-dependent ecosystem.
